Context. The halo of the Milky Way has long been hypothesized to harbour significant amounts of merger debris. This view has been supported over more than a decade by wide-field photometric surveys which have revealed the outer halo to be lumpy. Aims. The recent release of Gaia DR2 is allowing us to establish that mergers also have been important and possibly built up the majority of the inner halo. In this work we focus on the Helmi streams, a group of streams crossing the Solar vicinity and known for almost two decades. We characterize their properties and relevance for the build-up of the Milky Way's halo. Methods. We identify new members of the Helmi streams in an unprecedented dataset with full phase-space information combining Gaia DR2, and the APOGEE DR2, RAVE DR5 and LAMOST DR4 spectroscopic surveys. Based on the orbital properties of the stars, we find new stream members up to a distance of 5 kpc from the Sun, which we characterize using photometry and metallicity information. We also perform N-body experiments to constrain the time of accretion and properties of the progenitor of the streams. Results. We find nearly 600 new members of the Helmi streams. Their HR diagram reveals a broad age range, from approximately 11 to 13 Gyr, while their metallicity distribution goes from −2.3 to −1.0, and peaks at [Fe/H] ∼ −1.5. These findings confirm that the streams originate in a dwarf galaxy. Furthermore, we find 7 globular clusters to be likely associated, and which follow a well-defined age-metallicity sequence whose properties suggest a relatively massive progenitor object. Our N-body simulations favour a system with a stellar mass of ∼ 10 8 M accreted 5 − 8 Gyr ago. Conclusions. The debris from the Helmi streams is an important donor to the Milky Way halo, contributing approximately 15% of its mass in field stars and 10% of its globular clusters.
Introduction
According to the concordance cosmological model ΛCDM, galaxies grow by mass through mergers. Typically a galaxy's halo is formed through a handful of major mergers accompanied by a plethora of minor mergers. This model's predictions stem both from dark matter only simulations (Helmi et al. 2003) combined with semi-analytic models of galaxy formation (e.g. Bullock & Johnston 2005; Cooper et al. 2010 ) and hydrodynamical simulations (e.g. Pillepich et al. 2014) .
When satellites merge with a galaxy like the Milky Way they get stripped of their stars by the tidal forces, e.g. Johnston et al. (1996) . These stars follow approximately the mean orbit of their progenitor and this leads to the formation of streams and shells. Wide-field photometric surveys have already discovered many cold streams likely due to globular clusters, e.g. Pal 5 (Odenkirchen et al. 2001) ; GD-1 (Grillmair & Dionatos 2006) , and more disperse streams caused by dwarf galaxies, e.g. Sagittarius (Ibata et al. 1994) , as well as large overdensities such as those visible in the SDSS or Pan-STARRS maps (Belokurov et al. 2006; Bernard et al. 2016 ). Many of these streams are distant and have become apparent after meticulous filtering (e.g. Rockosi et al. 2002; Grillmair 2009) .
Tidal debris in the vicinity of the Sun is predicted to be very phase-mixed Helmi et al. 2003) . Typically one can expect to find many stream wraps originating in the same object, i.e. groups of stars with different orbital phase sharing a common origin. Because of the high degree of phasemixing, it is more productive to study tidal debris in spaces such as those defined by the velocities, integrals of motion (Helmi & de Zeeuw 2000) , or in action space (Mcmillan & Binney 2008) , rather than to search for clustering in spatial coordinates. Until recently, a few studies on the nearby stellar halo identified different small groups of stars that likely were accreted together, e.g. ; Chiba & Beers (2000) ; Helmi et al. (2006) ; Klement et al. (2008 Klement et al. ( , 2009 ; Majewski et al. (2012) ; Beers et al. (2017) ; Helmi et al. (2017) , see Newberg & Carlin (2016) for a comprehensive review.
A new era is dawning now that the Gaia mission is delivering full phase-space information for a billion stars. As it is clear from the above discussion, this is crucial to unravel the merger history of the Milky Way and to characterize the properties its progenitors. In fact, the second data release of the Gaia mission (Gaia Collaboration, Brown et al. 2018 ) is already transforming the field of galactic archaeology.
The strength of Gaia, and especially of the 6D sample, is that it can identify stream members based on the measured kinematics (e.g. Koppelman et al. 2018; Price-Whelan & Bonaca 2018) . Arguably the most recent spectacular finding possible thanks to Gaia is the discovery that the inner halo was built largely via the accretion of a single object, as first hinted from the kinematics (Belokurov et al. 2018; Koppelman et al. 2018) , and the stellar populations (Gaia Collaboration, Haywood et al. 2018) , all pieces put together in Helmi et al. (2018) .
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Gaia-Enceladus debris however, is not the only substructure present in the vicinity of the Sun. Detected about 20 years ago, the Helmi streams (Helmi et al. 1999, H99 hereafter) are known to cross the Solar neighbourhood. Their existence has been confirmed by Chiba & Beers (2000) and Smith et al. (2009) , among other studies. In the original work, 13 stars were detected based on their clumped angular momenta which clearly differ from other local halo stars. Follow-up work by Kepley et al. (2007) estimated that the streams were part of the tidal debris of a dwarf galaxy that was accreted 6 − 9 Gyr ago, based on the bimodality of the z-velocity distribution. This bimodal distribution is the distinctive feature of multiple wraps of tidal debris crossing the Solar neighbourhood. Since the discovery in 1999, a handful of new tentative members have been found increasing the total number of members to ∼ 30 (e.g. Kepley et al. 2007; Re Fiorentin et al. 2005; Klement et al. 2009; Beers et al. 2017) , while several tens more were reported in Gaia Collaboration, Helmi et al. (2018) . Also structure S2 from Myeong et al. (2018a) , consisting of ∼ 60 stars, has been recognized to be related to the Helmi streams (W. Evans priv. comm.).
Originally, the Helmi streams were found using Hipparcos proper motions (Perryman et al. 1997 ) combined with groundbased radial velocities (Beers & Sommer-Larsen 1995; Chiba & Yoshii 1998) . In this work, we aim to find new members and to characterize better its progenitor in terms of the time of accretion, initial mass and star formation history. To this end we focus on the dynamics, metallicity distribution and colour-magnitude diagram of its members. Furthermore, we also identify globular clusters that could have potentially been accreted with the object Kruijssen et al. 2018) , as for example seen for the Sagittarius dwarf galaxy (Law & Majewski 2010; Massari et al. 2017; Sohn et al. 2018) , and also for Gaia-Enceladus (Myeong et al. 2018b; Helmi et al. 2018 ).
This paper is structured as follows: in Section 2 we present the data and samples used, while in Section 3 we define a core selection of streams members that serves as the basis to identify more members. In Section 4 we analyze the spatial distribution of the debris. In Section 5 we supplement the observations with N-body simulations. We discuss possible associations of the Helmi streams with globular clusters in Section 6. Finally, we present our conclusions in Section 7.
Data

Brief description of the data
The recently published second data release (DR2) of the Gaia space mission contains the on-sky positions, parallaxes, proper motions, and the G, G BP and G RP optical magnitudes for over 1.3 billion stellar sources in the Milky Way (Gaia Collaboration, Brown et al. 2018 ). For 7,224,631 stars with G RVS < 12, known as the 6D subsample, line-of-sight velocity information measured by the Gaia satellite is available (Gaia Collaboration, . The precision of the observables in this dataset are unprecedented: the median proper motions uncertainties of the stars with full phase-space information, is 1.5 mas/yr which translates to a tangential velocity error of ∼ 7 km/s for a star at 1 kpc, while their median radial velocity uncertainties are 3.3 km/s. This makes the Gaia DR2 both the highest quality and the largest size single survey ever available for studying the kinematics and dynamics of the nearby stellar halo and disk.
Cross-matching with APOGEE, RAVE and LAMOST
To supplement the 6D Gaia subsample, we add the radial velocities from the cross-matched catalogues APOGEE (Wilson et al. 2010; Abolfathi et al. 2018 ) and RAVE DR5 (Kunder et al. 2017 ), see Marrese et al. (2018) for details. We also add radial velocities from our own cross-match of Gaia DR2 with LAM-OST DR4 (Cui et al. 2012 ).
For the cross-match with LAMOST we first transform the stars to the same reference frame using the Gaia positions and proper motions, and then we match stars within a radius of 10 arcsec with TOPCAT/STILTS (Taylor 2005 (Taylor , 2006 . We find that over 95% of the stars have a matching radius smaller than 0.5 arcsec. In total, we find 2,868,425 matches between Gaia and LAMOST DR4, with a subset of 8,404 overlapping also with RAVE, and 50,650 with APOGEE. Because the LAMOST radial velocities are known to be offset by +4.5 km/s with respect to APOGEE (Anguiano et al. 2018) , we correct for this effect.
Since the radial velocities of RAVE and APOGEE have been shown to be very consistent with those of Gaia (Sartoretti et al. 2018) , for our final catalogue, we use first the radial velocities from APOGEE if available, then those from RAVE, and finally from LAMOST for the stars for which there is no overlap with either two of the other surveys. After imposing a quality cut of parallax_over_error > 5, this yields a sample of 2,361,519 stars with radial velocities. Note that all these surveys also provide additional metallicity information for a subset of the stars.
When combined with the Gaia 6D sample, this results in a total of 8,738,322 stars with 6D information and parallax_over_error > 5. The median line-of-sight velocity error of the stars from the ground-based spectroscopic surveys is 5.8 km/s, while that of the pure Gaia sample is 1 km/s for the same parallax quality cut.
Quality cuts and halo selection
To isolate halo stars, we follow a kinematic selection, i.e. stars are selected because of their very different velocity from local disk stars. By cutting in velocity we introduce a clear bias: halo stars with disk-like kinematics are excluded from this sample (Nissen & Schuster 2010; Bonaca et al. 2017; Posti et al. 2018; Koppelman et al. 2018) . Nevertheless, the amplitude of the Zvelocities of the Helmi streams stars is > 200 km/s, i.e. very different from the disk, so our selection should not impact our ability to find more members.
We start from our extended 6D data sample (obtained as described in the previous section), and remove stars with parallax_over_error > 5. Because of the zero-point offset of ∼ −0.03 mas known to affect the Gaia parallaxes (Arenou et al. 2018; Gaia Collaboration, Brown et al. 2018; Lindegren et al. 2018) we also discard stars with parallaxes < 0.2 mas. Distances for this reduced sample are obtained by inverting the parallaxes. Finally, following Koppelman et al. (2018) we select stars that have |V − V LSR | > 210 km/s, where V LSR is the velocity vector of the local standard of rest (LSR). This cut is not too strict, allowing for some contamination from the thick disk. This velocity selection is done after correcting for the motion of the Sun using the values from Schönrich et al. (2010) and that of the LSR as estimated by Mcmillan (2017 points in the direction of the motion of the disk, and Z is positive for Galactic latitude b > 0. This final sample contains 79,318 tentative halo stars, with 12,472 located within 1 kpc from the Sun, which is at 8.2 kpc from the Galactic Centre (Mcmillan 2017) . Slightly more than half of these stars stem from the Gaiaonly 6D sample.
Finding members
Core selection
Using the halo sample described above, we will select 'core members' by considering only those stars within 1 kpc from the Sun from the Gaia-only sample. In such a local sample, streams are very clustered in velocity-space because the gradients caused by the orbital motion are minimized. [200, 270] [110, 190] km/s. Using the SIMBAD database we find that 10 of the original 13 members have Gaia DR2 distances smaller than 1 kpc. Of these 10 stars, 9 have radial velocities in our extended data sample. Only one star with updated radial velocity information has very different velocities, leaving the original sample with 8 reliable members with full Gaia 6D parameters within 1 kpc.
One of the key characteristics of the Helmi streams are the two groups in the V Y − V Z plane, one moving up through the disk and one moving down. Using the selection described above we find 40 core members in the Gaia-only sample, of which 26 with V Z < 0. The asymmetry in the number of stars in the two streams can be used as an indicator of the time of accretion and/or mass of the progenitor since tidal streams will only produce multiple wraps locally after having evolved for a sufficiently long time. In §5.1 we explore what the observed asymmetry implies for the properties of the progenitor of the Helmi streams.
Beyond the core selection
The original 13 H99 members are located within 2.5 kpc from the Sun. Beyond this distance, we expect that other members of the streams will have different kinematic properties because of velocity gradients along their orbit. Therefore the best way of finding more members beyond the local volume is to use integrals of motion (IOM) such as angular momenta and energy or the action integrals (Helmi & de Zeeuw 2000) . Note that from this section onwards, we use the extended sample described in Section 2.2 and which includes radial velocities from APOGEE/RAVE/LAMOST.
Here we will mainly base the membership selection on the angular momentum of the stars, namely the z-component L z , and the perpendicular component:
x + L 2 y , although the latter is generally not fully conserved. Since the energy E depends on the assumed model for the galactic potential, we use it only to check for outliers.
To calculate the energy of the stars we model the Milky Way with a potential that is similar to that used by Helmi et al. (2017) : it includes a Miyamoto-Nagai disk with parame- In Fig. 2 we show the distribution of the core members in L z versus L ⊥ (top), and L z versus E (bottom). A grey density map of all the stars in the Gaia 6D sample with 20% relative parallax error and with parallax > 0.2 illustrates the location of the disk. The black dots correspond to all kinematically selected halo stars within 2.5 kpc from the Sun. The transition of the halo into the disk is smooth, and only appears sharp because of this particular visualization. The green dots are the core members selected in § 3.1. These are clumped around (L ⊥ , L z ) ∼ (2000, 1250) kpc km/s. With red, dashed lines we indicate two boxes labelled A & B, that we use to select tentative additional stream members. The limits of box A are: 1750 < L ⊥ < 2600 kpc km/s and 1000 < L z < 1500 kpc km/s, and those of box B are: 1600 < L ⊥ < 3200 kpc km/s and 750 < L z < 1700 kpc km/s. Box B allows for more members, but also for more contamination from the local halo background or thick disk. In the bottom panel, we see that some of the core members appear to be outliers with too high or low energy (but the analyses carried out in the next sections show they are indistinguishable in their other properties, except for their large v R velocities, see § 5.1).
The number of stars located within 5 kpc that fall in boxes A & B are respectively 235 and 523. Note that for these selections we have used the full extended sample without a kinematical halo selection. At most 20 stars that we identify as members of the Helmi streams in the IOM space (grey points inside the selection boxes), do not satisfy our halo selection (meaning that they have |V − V LSR | < 210 km/s).
In the following sections, we focus on the stream members that fall in selection B unless mentioned otherwise. We remind the reader that selection B includes stars from the full extended sample comprising radial velocities from Gaia and from APOGEE/RAVE/LAMOST. A table listing all the members in selection B can be found in the Appendix.
Members without radial velocities
Most of the stars in the Gaia DR2 dataset lack radial velocities and this makes the search for additional tentative members of the Helmi streams less straightforward. In Gaia Collaboration, Helmi et al. (2018) new members were identified using locations on the sky where the radial velocity does not enter in the equations for the angular momentum, namely towards the Galactic centre and anti-centre. At those locations, the radial velocity is aligned with the cylindrical v R component, therefore, it does not contribute to L z = rv φ , and L y = −xv z . The degree to which the radial velocity contributes to the angular momenta increases with angular distance from these two locations on the sky. Based on a simulation of a halo formed through mergers created by Helmi & de Zeeuw (2000) , we estimate that within 15 degrees from the (anti) centre, the maximum difference between the true angular momenta of stars and that computed assuming a zero radial velocity, is ∼ 1000 kpc km/s. Since the size of Box B is ∼ 1000 kpc km/s, we consider 15 degrees as the maximum tolerable search radius. We denote the angular momenta computed assuming zero radial velocity as L y and L z , where we change the sign of L z such that it is positive in the (prograde) direction of rotation of the disk.
Therefore, using the full Gaia DR2 5D-dataset, we select stars within 15 degrees from the (anti)centre and with parallax_over_error > 5, and apply the following photometric quality cuts described in §2.1 of Gaia Collaboration, : phot_g_mean_flux_over_error > 50, phot_rp_mean_flux_over_error > 20, phot_bp_mean_flux_over_error > 20, 1.0 + 0.015× power(phot_bp_mean_mag-phot_rp_mean_mag,2) < phot_bp_rp_excess_factor < 1.3 + 0.06× power(phot_bp_mean_mag-phot_rp_mean_mag,2). The blue symbols in Fig. 3 correspond to the 105 tentative members that fall inside the boxes. Most of these stars are within 2.5 kpc from the Sun. The two clumps in L y have a direct correspondence to the two streams seen in the V Z component for the 6D sample. The clumps have 24 and 81 stars each, implying a ∼ 1:3 asymmetry which is quite different from that seen in the number of core member stars associated with each of the two velocity streams. The difference could be caused in part by incompleteness and crowding effects together with an anisotropic distribution of the stars in the streams (see e.g. Fig. 7) . We use the 5D members in this work only for the photometric analysis of the Helmi streams carried out in Section 4.4.
Analysis of the streams
4.1. Spatial distribution Fig. 4 shows the distribution of the streams members in the XZplane, for the selection box A (top) and for B (bottom). Those identified with 6D information are indicated with green circles, a local sample of halo stars is shown in grey in the background. There is a lack of stars close to the plane of the disk, likely due to extinction (Gaia Collaboration, ). This gap is filled with tentative members from the 5D sample (in blue) which have, by construction, low galactic latitude. Fig. 4 reveals the streams stars to be extended along the Z-axis, as perhaps expected from their high V Z velocities, but there is also a clear decrease in the number of members with distance from the Sun. To establish whether the spatial distribution of the streams differs from that of the background, we proceed as follows. We compare our sample of streams stars to 10 4 samples randomly drawn from the background. The random samples contain the same number of stars as the streams, and the background comprises all of the stars in the halo sample, described in Section 2, excluding the streams members. In this way, we account for selection effects associated with the different footprints of the APOGEE/RAVE/LAMOST surveys as well as with the 20% relative parallax error cut (since the astrometric quality of the Gaia data is not uniform across the sky), and which are likely the same for the streams and the background. Figure 5 shows a comparison of the distribution of heliocentric R (left) and Z (right) coordinates of the stars in our sample (in green) and in the random samples (black). The sizes of the grey and black markers indicate the 1σ and 3σ levels respectively, of the random samples. The Z-distribution of the streams members shows minimal differences with respect to the background, With black symbols, we show the mean counts obtained using 10 4 random sets extracted from our (background) halo sample, with the grey and black error bars indicating the 1σ and 3σ uncertainties for each R/Z-bin. The Helmi streams are clearly more confined in the R-direction. except near the plane, i.e. for Z ∼ 0. On the other hand, their distribution in R shows very significant differences with respect to the background, depicting a very steeply declining distribution. This was already hinted at in Fig. 6 , and would suggest that the streams near the Sun have a cross section 1 of ∼ 500 pc.
Flows: velocity and spatial structure
The main characteristic of stars in streams is that they move together through space as in a flow. To enhance the visibility of the flows we integrate the orbits of the streams stars forward and backwards in time. The potential in which the orbits are calculated is the same as the one described in Section 3.2. The trajectories of all the stars are integrated for ±100 Myr in time and are shown in Fig. 7 projected onto the XZ plane. With a red star, we indicate the Solar position. The trajectories of stars that belong to the group with V Z > 0 are coloured black, while those with V Z < 0 are given in blue.
Clearly, the stars found in the Solar vicinity are close to an orbital turning point and on trajectories elongated in the Zdirection, as expected from their large vertical velocities. Fig. 7 serves also to understand the observed spatial distribution of the member stars (i.e. narrower in X (or R) and elongated in Z) seen in Fig. 4 . Finally, we also note the presence of groups of orbits tracing the different flows just discussed, such as for example the group of stars moving towards the upper left corner of the figure (and which corresponds to some of the stars shown in the bottom left panel of Fig. 6 ).
1 defined as the distance at which the counts of stars has dropped by a factor two.
Ratio of the number of stars in the two V Z streams
As mentioned in the introduction, the ratio of the number of stars in the two V Z streams was used in Kepley et al. (2007) to estimate the time of accretion of the object. The ratio these authors used was 1:2, in good agreement with the ratio found here in §3.1 for the core members. Using numerical simulations, this implied an accretion time of 6 − 9 Gyr for an object of total dynamical mass of ∼ 4 × 10 8 M . Now with a sample of up to 523 members, we will analyze how this ratio varies when exploring beyond the immediate Solar vicinity. Figure 8 shows the ratio of the number of stars in the two streams in V Z for selection B, as a function of the extent of the volume considered. Blue indicates the ratio of all the stars and green is for the 6D Gaia-only sample. The central lines plot the measured ratio and the shaded areas correspond to the 1σ Poissonian error, showing that there is good agreement between the samples. The dashed lines at 1:2, 3:5 and 2:5 encompass roughly the mean and the scatter in the ratio. Evidently, the ratio drops slightly beyond the 1 kpc volume around the Sun, however, overall it stays rather constant and takes a value of approximately 1:2 for stars with V Z > 0 relative to those with V Z < 0.
HR diagram and metallicity information
Photometry from Gaia combined with auxiliary metallicity information from the APOGEE/RAVE/LAMOST surveys can give us insights into the stellar populations of the Helmi streams. By using the Gaia parallaxes we construct the Hertzsprung-Russell (HR) diagram shown in Fig. 9 . We have used here a high photometric quality sample by applying the selection criteria from Arenou et al. (2018) and described in Section 3.3. Note that since the photometry in the BP passband is subject to some systematic effects especially for stars in crowded regions (see Gaia Collaboration, Brown et al. 2018) , we use (G − G RP ) colour.
In Fig. 9 the stream members from the 6D sample are plotted with green symbols, and in blue if they are from the 5D dataset. On the basis of a colour-colour diagram we have identified stars that are likely reddened by extinction, and these are indicated with light grey dots. Since most stars follow a well-defined sequence in the [(G−G RP ), (G−G BP )] space, outliers can be picked out easily. We consider as outliers those stars with a (G − G BP ) offset greater than 0.017 from the sequence (i.e. 5× the mean error in the colours used). We find that especially the members found in the 5D dataset appear to be reddened. This is expected as all of these stars are located at low Galactic latitude (within 15 degrees from the galactic centre or anti-centre). Fig. 9 shows also that we are biased towards finding relatively more intrinsically bright than fainter stars, and this is due to the quality cuts applied and to the magnitude limits of the samples used. We expect however that there should be many more fainter, lower main sequence stars that also belong to the Helmi streams, hidden in the local stellar halo.
The HR diagram shown in Fig. 9 does not resemble that of a single stellar population, but rather favours a wide stellar age distribution of ∼ 2 Gyr spread, based on the width of the main sequence turn-off. To illustrate this we have overlayed two isochrones from Marigo et al. (2017) NGC6121, NGC7099, see Harris 1996) , which led to a shift in (G − G RP ) colour of 0.04 mag. The spread in metallicities used for the isochrones is motivated by the metallicity distribution shown in Figure 10 , and derived using the stream members found in the APOGEE/RAVE/LAMOST datasets. We have used the following metallicity estimates for the different surveys: Met_K for RAVE, FE_H for APOGEE and feh for LAMOST. The distribution plotted in Fig. 10 
Simulating the streams
We focus here on N-body experiments we have carried out to reproduce some of the properties of the Helmi streams. To this end, we used a modified version of GADGET 2 (Springel et al. 2005 ) that includes the host rigid, static potential described in section Section 3.2 to model the Milky Way.
The analysis presented in previous sections, and in particular the HR diagram and metallicity distribution of member stars, supports the hypothesis that the Helmi streams stem from a disrupted (dwarf) galaxy. We therefore model the progenitor of the streams as a dwarf galaxy with a stellar and a dark matter com- is likely due to contamination from the thick disk but it is minimal for both selection boxes. Table 2 . Structural parameters of the simulated dwarf galaxies. Note that we quote both the dark halo's original and truncated mass. This truncation depends on two parameters: r c,trunc and r d,trunc , the cut-off and the decay radii, respectively. ponent. We consider four possible progenitors whose characteristics are listed in Table 2 . For the stellar component, we use 10 5 particles distributed following a Hernquist profile, whose structural properties are motivated by the scaling relations observed for dwarf spheroidal galaxies (Tolstoy et al. 2009 ). For the dark matter halo we use 6 × 10 5 particles following a truncated NFW profile (similar the model introduced in Springel & White 1999 , but where the truncation radius r c,trunc and the decay radius r d,trunc are specified independently), with characteristic parameters taken from Correa et al. (2015) . We truncate the NFW halo at a radius where its average density is three times that of the host (at the orbital pericentre). After setting the system up using the methods described in Hernquist (1993) , we let it relax for 5 Gyr in isolation. We then place it on an orbit around the Milky Way. This orbit is defined by the mean position and velocity of the stars that were identified as core members of the stream with V Z < 0 2 . . Spatial evolution of the Helmi streams at four different snapshots in our simulations. The top two rows show the evolution of a progenitor with a stellar mass of 10 8 M , while the bottom two rows correspond to a system with a stellar mass of 5 × 10 6 M . In both cases, the orbit of the progenitor is the same. The appearance of the debris is seen to depend on the time since accretion as well as on the mass of the progenitor. Figure 11 illustrates the evolution of a high mass dwarf galaxy in the top two rows, and for a low mass dwarf galaxy in the bottom two rows. In each panel, we show the star particles in galactocentric Cartesian coordinates for different times up to 8 Gyr after infall. This comparison shows that increasing the mass results in more diffuse debris. On the other hand, the time since accretion has an impact on the length of the streams and on how many times the debris wraps around the Milky Way.
Estimation of the mass and time of accretion
To constrain the history of the progenitor of the Helmi streams we use the ratio of the number of stars in the two clumps in V Z as well as their velocity dispersion. Typically, the simulated streams do not have a uniform spatial distribution and they also show variations on small scales. Furthermore, the azimuthal location of the Sun in the simulations is arbitrary. Therefore, and also to even out some of the small-scale variations, we measure the ratio of the number of stars in the streams and their velocity dispersion in 25 volumes of 1 kpc radius located at 8.2 kpc distance from the centre, and distributed uniformly in the azimuthal angle φ. for guidance and correspond to the lines shown in Fig. 8 for the actual data. The mean ratio is clearly correlated with the properties of the progenitor, the most massive one being first to produce multiple streams in a given volume. Massive satellites have a larger size and velocity dispersion, which causes them to phase mix more quickly because of the large range of orbital properties (energies, frequencies). Based solely on Fig. 12 , and taking a ratio between 0.55 and 0.7 as found using the Gaia-only sample in a 1 kpc sphere, we would claim that there is a range of possible ages of the stream, with the youngest being ∼ 4.5 Gyr for the most massive progenitor, while for the lowest mass object the age would have to be at least 8 Gyr.
A different way of probing the properties of the progenitor is to use the velocity dispersion of the streams. In Fig. 13 we show the dispersion along two principal axes of the velocity ellipsoid for the 1 kpc volumes that satisfy the ratio-constraint on the number of stars in the two V Z clumps, with open/closed markers used for the least/most populated clump. Green markers indicate the measured velocity dispersions. Typically the simulations have fewer particles in such 1 kpc volumes than observed in the debris. Therefore, we down-sample the data to only 15 stars per stream, which corresponds to the average number of particles in the simulations. The error bars indicate the maximum scatter in the velocity dispersion for 1000 such random downsampled sets.
The ellipsoid is roughly aligned in cylindrical coordinates with V 1 , V 2 , and V 3 corresponding respectively to V φ , V Z , V R . Note that only for the most massive progenitor (and for times > 5 Gyr) the velocity dispersions are in good agreement with the observed values for σ V1 and σ V2 , and that in all the remaining simulations, the dispersions are too small compared to the data. We should point out however, that the largest velocity dispersion (i.e. that along V R ) is less well reproduced in our simulations, possibly indicating that the range of energies of the debris is larger. However, if we clip 1σ outliers in V R for the data, and recompute σ V3 , we find much better agreement with the simulations (while the values of σ V1 and σ V2 remain largely the same). The clipped members of the Helmi streams are all in the high energy, E, tail (see Fig.2 ), suggesting perhaps that the object has suffered some amount of dynamical friction in its evolution.
Combining the information of the ratio (Fig. 12 ) and the corresponding velocity dispersion measurements ( Fig. 13) we therefore conclude that the most likely progenitor of the Helmi streams was a massive dwarf galaxy with a stellar mass of ∼ 10 8 M . In general, the simulations suggest a range of plausible accretion times from 5 − 8 Gyr. Although these estimates of the time of accretion are different than those obtained by Kepley et al. (2007) , our results are consistent when a similar progenitor mass is used (i.e. of models 1/2), which however, does not reproduce well the observed kinematical properties of the streams.
Finding new members across the Milky Way
To investigate where to find new members of the Helmi streams beyond the Solar neighbourhood we turn to the simulations.
In Fig. 14 we show a sky density map of stars from the Nbody simulation corresponding to the dwarf galaxy with M * = 10 8 M , 8.0 Gyr after accretion. The coordinates shown here are galactic l and b plotted in a Mollweide projection with the Galactic centre located in the middle (at l = 0). Note that nearby stars (in blue) are mainly distributed along a "polar ring-like" structure between longitudes ±60
• (see for comparison Fig. 6 ). The most distant members are found behind the bulge (in red), but because of their location they may be difficult to observe. 
Association with globular clusters
If the progenitor of the Helmi streams was truly a large dwarf galaxy, it likely had its own population of globular clusters (see Leaman et al. 2013; Kruijssen et al. 2018) . To this end we look at the distribution of the debris in IOM-space for the simulation of the progenitor with M * = 10 8 M and overlay the data for the globular clusters from Gaia Collaboration, Helmi et al. (2018) . Figure 15 shows the energy E vs L z (top) and the L ⊥ vs L z (bottom) of star particles in the simulation (black) and the stream members (green) together with the globular clusters (white open circles). We have labelled here the globular clusters that show overlap with the streams members in this space. Those that could tentatively be associated on the basis of their orbital properties are: NGC 4590, NGC 5024, NGC 5053, NGC 5272, NGC 5634, NGC 5904, and NGC 6981. This set of globular clusters shows a moderate range in age and metallicity: they are all old with ages ∼ 11 − 12 Gyr and metal-poor with metallicities [Fe/H] = [−2.3,−1.5]. These age estimates are from , while for NGC 5634 we set it to 12 Gyr from comparison to NGC 4590 based on the zero-age HB magnitude (Bellazzini et al. 2002) , and assume an uncertainty of 0.5 Gyr. Interestingly, Fig. 16 shows that the clusters follow a relatively tight age-metallicity relation, and which is similar to that expected if they originate in a progenitor galaxy of M * ∼ 10 7 − 10 8 M (see Leaman et al. 2013 , Fig. 4 ). Fig. 17 shows the Gaia colour-magnitude diagrams (CMD) of the globular clusters tentatively associated with the Helmi streams. Although not all CMDs are well-populated because of limitations of the Gaia DR2 data, their properties do seem to be quite similar, increasing even further the likelihood of their association to the progenitor of the Helmi streams.
Some of the associated globular clusters, namely NGC 5272, NGC 5904, and NGC 6981 have in fact, been suggested to have an accretion origin (of a yet unknown progenitor, see Kruijssen et al. 2018 , and references therein). Two other clusters, NGC 5024 and NGC 5053, have at some point been linked to Sagittarius, although recent proper motion measurements have demonstrated this association is unlikely (see Law & Majewski 2010; Sohn et al. 2018; Gaia Collaboration, Helmi et al. 2018) . Also NGC 5634 has been related to Sagittarius (Law & Majewski 2010; Carretta et al. 2017 ) based on its position and radial velocity. However, the proper motion of the system measured by Gaia Collaboration, Helmi et al. (2018) is very different from the prediction by for example, the Law & Majewski (2010) model of the Sagittarius streams.
Conclusions
Using the latest data from Gaia DR2 combined with the APOGEE/RAVE/LAMOST surveys we find hundreds of new tentative members of the Helmi streams. In the 6D sample that we built, we identified 523 members on the basis of their orbital properties, in particular their energy and angular momenta. On the other hand, we found 105 stars in the full Gaia 5D dataset in two 15 o -radius fields around the galactic centre and anticentre, using only the tangential velocities of the stars (which translate directly into two components of their angular momenta). Despite the large number of newly identified members we expect that many, especially faint stars are still hiding, even within a volume of 1 kpc around the Sun.
Having such an unprecedented sample of members of the streams allows us to characterize the streams and the nature of their progenitor. The HR diagram of the members suggests an age range of ∼ 11 − 13 Gyr, while their metallicity distribution goes from [Fe/H] ∼ −2.3 to −1.0, with a peak at [Fe/H]∼ −1.5. We are also able to associate to the streams seven globular clusters on the basis of their dynamical properties. These clusters have similar ages and metallicities as the stars in the streams. Remarkably they follow a well-defined age-metallicity relation- ship, and similar to that expected for clusters originating in a progenitor galaxy of M * ∼ 10 7 − 10 8 M ). This relatively high value of the stellar mass is also what results from N-body simulations that aim to recreate the observed dynamical properties of the streams. From the ratio of the number of stars in the two clumps in V Z and their velocity dispersion we estimate the time of accretion to be in the range 5 − 8 Gyr and a stellar mass for the dwarf galaxy of ∼ 10 8 M . Although 5 Gyr ago would imply a relatively recent accretion event, one might argue that the object was probably on a less bound orbit and sunk in via dynamical friction (thanks to its large mass) and started to get disrupted then. This could explain the mismatch between the age of the youngest stars in the streams (approximately 11 Gyr old), and the time derived dynamically.
Despite the fact that the simulations are able to recreate the observations reasonably well, they fail to reproduce fully the observed velocity distribution in particular in the radial direction. This could be due to the lack of dynamical friction, but also by the limited exploration of models for the potential of the Milky Way. Other important improvements will be to consider the inclusion of gas particles and star formation in the simulations, as well as different initial morphologies for the progenitor systems (not only spherical, but also disk-like). Originally, H99 determined that 10% of the stellar halo mass beyond the Solar radius could belong to the progenitor of the Helmi streams. The lack of a significant increase in the number of members subsequently discovered by other groups (Chiba & Beers 2000) , led to the suggestion that the fraction may be lower. Our best estimate of the stellar mass of the progenitor of the Helmi stream is ∼ 10 8 M , implying that it does significantly contribute to the stellar halo. For example Bell et al. (2008) estimate a stellar mass for the halo of (3.7 ± 1.2) × 10 8 M between galactocentric radii of 1 to 40 kpc, and hence being a lower limit to the total stellar halo mass. Other estimates, based on the local density of halo stars give 7 − 10 × 10 8 M (see Morrison 1993; Bland-Hawthorn & Gerhard 2016) . This implies that the Helmi streams may have contributed ∼ 10 − 14% of the stars in the Galactic halo. Fig. 17 . Gaia colour-magnitude diagrams for the globular clusters that are likely associated with the Helmi streams on the basis of their orbital properties. All the CMDs correspond to stellar populations that are old and metal-poor.
